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ABSTRACT

Working Memory Task Performance in Children With SLI: A Behavioral and ERP Study
by
Megan McVeety

Advisor: Dr. Valerie L. Shafer

In addition to language deficits, children with Specific Language Impairment often show
deficits in tests of various aspects of working memory, including capacity, updating, and selective
attention. The purpose of the present study is to examine the specific drivers of differences in
working memory processing in 8–11 year-old children with and without SLI using behavioral and
electrophysiological measures. Participants completed an n-back task with three working memory
load conditions (0-back, 1-back, 2-back), with the addition of distractor trials at the 1-back and 2back levels. The SLI group performed significantly less accurately across all task conditions. The
children with SLI also showed attenuated P1 and P3 Event Related Potential (ERP) amplitudes,
and a significantly more negative positive slow wave (PSW) following the P3 response. Taken
together, these results suggest that the children with SLI struggled with sustained attention to the
task, indicating deficits in attentional allocation. These children might also have struggled with
task demands due to reduced working memory capacity compared to age-matched typically
developing children.
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Introduction
Specific Language Impairment (SLI) is a developmental language disorder (DLD)
characterized by impaired language ability that cannot be explained by any hearing deficits,
neurological disorder, intellectual disability, or any other obvious cognitive or perceptual deficits
(Lukács et al., 2016; Ladányi & Lukács, 2019). In addition to language deficits, children with
SLI often also show deficits in tests of various aspects of working memory, including capacity,
updating, selective attention and inhibition, and task switching (Marton & Schwartz, 2003;
Lukács et al., 2016; Gray et al., 2019; Ladányi & Lukács, 2019). Some researchers have
suggested that these non-linguistic cognitive functions are causal contributors to the disorder.
However, inconsistent findings make this claim controversial (Epstein et al., 2014).
The aim of the present study is to assess several aspects of working memory and task
performance in children with and without SLI using behavioral and electrophysiological
methods.
1.1 The Tripartite Model of Working Memory
The term working memory refers to the brain system that allows for the temporary
storage and manipulation of information for cognitive tasks (Baddeley, 1992; Gathercole et al.,
2004). The tripartite model proposed by Baddeley and Hitch (1974) suggests that the working
memory system can be subdivided into three components: the central executive, the visuospatial
sketchpad, and the phonological loop. Later, Baddeley (2000) proposed an additional component
to the working memory system, the episodic buffer.
The central executive is an attentional control system that acts as a processor and
coordinator of the information provided by the two working memory stores (Baddeley & Hitch,
1974; Collette & Van der Linden, 2002; Adams, Nguyen, & Cowan, 2018;). It is this
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subcomponent of working memory that is responsible for behavioral regulation, and its general
functions can be separated into five basic processes: 1) coordination and allocation of resources
during the execution of multiple tasks, 2) selective attention and inhibition, 3) updating, 4)
manipulation of information from long-term memory stores, and 5) the ability to switch between
multiple retrieval strategies (Collette & Van der Linden, 2002; Gathercole et al., 2004).
The central executive draws on information from two working memory stores: the
visuospatial sketchpad and the phonological loop. These two stores are known as slave systems,
as each is responsible for the retention and manipulation of information related to specific
informational domains (Baddeley & Hitch, 1974). As the name suggests, the visuospatial
sketchpad holds and manipulates visual and spatial information (Baddeley, 1992). The
phonological loop is responsible for holding and manipulating speech and speech-based
information (Baddeley & Hitch, 1974; Baddeley, 2003). Baddelely (2003) posits that the
phonological loop can be broken down into two subcomponents - a temporary storage system
and a rehearsal system. This second, subvocal rehearsal system helps maintain speech
information in the initial storage system, but retention generally depends on the characteristics of
the sequence in question. Sequences with acoustic or phonological similarities are more difficult
to recall than sequences with more variety in those features (Baddeley, 2003). Interestingly, the
similarity of semantic characteristics does not appear to influence immediate recall ability
(Baddeley, 2003).
Baddeley (2000) amended the original three-component model of working memory to
include a fourth component - the episodic buffer. This addition to the model is responsible for
integrating information from the phonological loop and visuospatial sketchpad across space and
time in an episodic manner. In other words, the episodic buffer uses conscious awareness to link
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the current information held by the two slave systems to episodic memories already held in longterm memory (LTM), thus updating existing cognitive representations, or creating new ones
entirely (Baddeley, 2000). Like other components of working memory, the episodic buffer is
hypothesized to be controlled by the central executive, which can influence memory integration
through attention (Baddeley, 2000).
The various components of the tripartite model of working memory can be generally
mapped onto distinct brain areas. In Chai et al.’s (2018) model of the neural drivers of
Baddeley’s model, the primary driver for central executive function is the prefrontal cortex, with
the anterior cingulate cortex providing the attentional control component. The parietal lobe is
hypothesized to provide the perceptual processing associated with the episodic buffer, and the
phonological loop and visuospatial sketchpad are represented by the temporal language areas and
the occipital lobe respectively (Chai et al., 2018). It should be noted, however, that this model
does not fully account for the functional integration of the brain processes associated with
working memory. Because of this, continued neuroimaging and electrophysiological studies are
required to develop a fuller understanding of the neural drivers of working memory.
Robust support for the tripartite model of working memory has been found in
neuroimaging and electrophysiological studies. Functional neuroimaging methods, such as
functional magnetic resonance imaging (fMRI) and positron emission tomography (PET), allow
for imaging of the brain during the performance of a task. These techniques have excellent
spatial resolution, but rather low temporal resolution (Scrivener, 2021). Event related potentials
(ERPs), measured using electroencephalography (EEG), are generated by inhibitory and
excitatory post-synaptic potentials summated at the scalp and in response to specific visual,
acoustic, and/or motor stimuli. This technique offers excellent temporal resolution, but rather
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low spatial resolution (Scrivener, 2021). Taken together, these techniques allow for insight into
the specific patterns of brain activation associated with various cognitive processes.
While the central executive is active during all working memory tasks, Activation of the
two slave systems depends on the type of information required to complete the task.
Neuroimaging studies have indicated that verbal working memory tasks lead to activation of
traditional language areas, such as Broca’s area, as well as the frontal and parietal areas indicated
in studies of the central executive (Smith & Jonides, 1997; Baddeley, 2003; Gathercole et al.,
2004; Owen et al., 2005). On the other hand, neuroimaging studies have indicated that tasks
involving visuospatial working memory lead to activation in both occipital and frontal areas,
with spatial information causing more right hemisphere activation and object information leading
to more left hemisphere activation (Smith & Jonides, 1997; Gathercole et al., 2004; Owen et al.,
2005).
Investigations into the neural drivers of the central executive have indicated that its
executive processes are accomplished through the integration of widespread frontal and parietal
activation (Collette & Van der Linden, 2002). Specifically, two main ERP components have
been identified to reflect these neural drivers. The N200 is a negative ERP waveform over
anterior sites with a peak latency at approximately 200 to 300 ms post-stimulus onset. This
component is believed to reflect interference suppression and inhibitory control (Downes et al.,
2017; Epstein et al, 2014; Xiao et al., 2019a, 2019b). Neuroimaging studies of inhibition have
highlighted the ventral prefrontal cortex, the middle frontal cortex, the superior temporal cortex,
the anterior cingulate cortex, and the superior parietal areas as potential drivers of this response
(Collette & Van der Linden, 2002; Owen et al., 2005; Downes et al., 2017; Epstein et al, 2014).
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Increased N200 amplitude could reflect an increased cost in cognitive control; that is,
more resources are needed for inhibition and response selection, and this pattern is seen as
increased negativity of the N200. Several studies by Xiao et al. (2019a, 2019b) have reported
increased N200 amplitude on error trials in working memory tasks requiring increased cognitive
control. Furthermore, when participants completed the n-back task while fatigued, N200 latency
also increased in error trials. These findings are consistent with the claim that N200 amplitude
reflects central executive functions, including attention and allocation of resources to a working
memory task.
The P300 (P3) is a positive ERP waveform with peak latency observed at approximately
300 ms after stimulus onset in the first studies examining brain responses in an oddball task. It is
hypothesized to reflect cognitive load in information processing and updating of working
memory. The P3 component is claimed to be a more direct measure of working memory than the
N200 (Downes et al., 2017; Watter et al., 2001; Scharinger et al., 2017). Two different classes of
P300 occur, called the P3a and the P3b.
The P3a, also called the “novelty P300” is activated in tasks requiring deviant or novelty
detection, such as a passive oddball task, and is hypothesized to reflect attentional orienting. This
subcomponent has a frontocentral topography and appears to have neural sources in the frontal
cortex and the hippocampus (Downes et al., 2017; Xiao et al., 2019a). In a working memory
task, the presence of the P3a component could reflect the attentional resources needed for
participants to keep focused on the task. However, the P3b component is of more relevance in
examining working memory processing in the current design.
The P3b subcomponent is generally observed in active attentional and/or working
memory tasks. Specifically, P3b amplitude is hypothesized to reflect working memory load and
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task difficulty (Watter et al., 2001). This ERP has a parietal topography and studies suggest
contributing neural sources from regions in the parietal and temporal lobes and from the
cingulate cortex (Downes et al., 2017). Though both the N200 and the P300 components can be
used to assess aspects of working memory, the present study will focus on analysis of P300
effects as an indication of working memory task performance.
1.2 Development of Working Memory
1.2.1 Working Memory and Typical Development
As with many aspects of cognition, working memory capacity and efficiency develops
over time as the brain matures. Because of the complex nature of working memory, different
components can mature at different developmental stages. Therefore, development of the adult
memory system is a continuous process that occurs over time from early childhood to late
adolescence (Gathercole et al., 2004; Huizinga et al., 2006; van Meel et al., 2012; Pelegrina et
al., 2015). However, different operational definitions and the wide variety of tasks used to study
working memory have made it difficult to decisively determine which aspects of working
memory and executive functions develop at which approximate ages.
The working memory components described by Baddeley and Hitch (1974) appear to be
established by early childhood (Gathercole et al., 2004). At as young as 6 years old, the
visuospatial sketchpad and phonological loop are independent of one another, with verbal and
visuospatial working memory measures having only a weak correlation (Pickering et at., 1998;
Gathercole et al., 2004). The two systems, while independent, are not fully developed, however,
with capacity appearing to increase linearly over time and maturing in late adolescence
(Gathercole et al., 2004; Pelegrina et al., 2015). The phonological loop’s subvocal rehearsal

6

system appears to develop later than the storage component, with spontaneous rehearsal only
beginning to reliably occur at around age 7 (Gathercole et al., 2004).
Because it is responsible for a wide variety of functions, development of the central
executive component of working memory is even harder to tease apart. As discussed above, the
central executive is responsible for a complex array of integrative and processing functions,
including task switching, selective attention, inhibition, updating, and manipulation of
information (Collette & Van der Linden, 2002). Each of these processes appears to reach adult
performance levels somewhere between early and late adolescence, but not necessarily at the
same time (Huizinga et al., 2006; Pelegrina et al., 2015).
The developmental trajectory of the N200 is not well understood. Some studies report a
decrease in both amplitude and latency as age increases (Barriga-Paulino et al., 2017; Downes et
al., 2017; Epstein et al., 2014). van Meel et al. (2012), however, reported larger N200 amplitudes
in older children and adults than in younger children. Downes et al. (2017) suggests that these
discrepancies could have arisen due to the different neural generators of the N200. For instance,
cingulate generators of the N200 are more anterior in older children than in younger children.
Such discrepancies are supported by fMRI studies of working memory in children. Children
show anterior brain activation patterns that are inconsistent with adult controls. Specifically,
while adults show prefrontal cortex activation consistent with central executive functions,
children showed greater activation of other frontal cortex structures. These patterns suggest that
children rely on different strategies or recruit different brain areas than adults to utilize working
memory (Yaple & Arsalidou, 2018).
The P300 waveform also differs slightly in childhood, adolescence, and adulthood.
Consistent with the claim that P300 amplitude and latency represent different processes, these
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aspects show different maturation patterns. P300 latency appears to decrease with age until it
stabilizes in adolescence at a value similar to that found in adults. Conversely, P300 amplitude
appears to increase with age until it stabilizes in adolescence (Downes et al., 2017; van Dinteren
et al., 2014). The P3a generally matures earlier than the P3b (Downes et al., 2017).
There is some evidence that there are gender differences in the developmental trajectory
of the executive functions associated with the central executive. Pelegrina et al. (2015)
administered a verbal n-back task to 7- to 13-year-old children and found that girls outperformed
boys in all age groups. Specifically, girls showed higher accuracy than boys, but boys had
quicker response times than girls. Pelegrina et al. (2015) posited that this speed-accuracy trade
off could be the result of decreased inhibition and increased impulsiveness in boys as compared
to girls in this age range. However, more investigation is needed to draw any specific
conclusions about gender differences in working memory development.
1.2.2 Specific Language Impairment and Working Memory
SLI is diagnosed when a child presents with language difficulties that cannot be
explained by any hearing deficits, neurological disorder, intellectual disability, or any other
cognitive or perceptual deficits (Lukács et al., 2016; Ladányi & Lukács, 2019). Children with
SLI experience high rates of comorbidity with other developmental disorders, including dyslexia
and attention-deficit/hyperactivity disorder (ADHD; Bishop et al., 2016; Bishop et al., 2017;
Gray et al., 2019). While the main symptom is language impairment, some researchers have
proposed that SLI is the result of a generalized information processing deficit that impairs
performance in both linguistic and non-linguistic areas (Epstein et al., 2014). Indeed, a number
of studies have provided both behavioral and neural evidence for broader cognitive deficits in
children with SLI, including deficits in working memory (Marton & Schwartz, 2003; Evans et
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al., 2011; Epstein et al., 2014; Lukács et al., 2016; Downes et al., 2017; Gray et al., 2019;
Ladányi & Lukács, 2019).
Previous literature has examined several aspects of working memory in children with
SLI. Investigations into inhibition and interference control have suggested that children with SLI
show weaker resistance to inference than children with typical language development (Marton et
al., 2014; Larson et al., 2020). Specifically, Marton et al. (2014) found that children with SLI
showed reduced accuracy to distractor trials in a working memory task. These distractor trials
contained stimuli that had been targets in previous trials, which suggests that children with SLI
struggle with suppressing irrelevant information from previous trials and tasks.
Other aspects of working memory in children with SLI have been examined, but results
have been inconsistent. For instance, Lukács et al. (2016) found that children with SLI showed
deficits only in verbal working memory, while Evans et al. (2011) found deficits in both verbal
and visuospatial working memory in children with SLI. Similar inconsistencies have been found
in behavioral examinations of capacity, inhibition, attention, switching, and updating (Evans et
al., 2011; Epstein et al., 2014; Lukács et al., 2016; Gray et al., 2019; Ladányi & Lukács, 2019).
It is unclear why exactly such studies have produced such varied and inconsistent results.
However, one potential reason for such inconsistencies is the high instance rate of comorbidity
of SLI with other conditions such as dyslexia and ADHD (Bishop et al., 2016; Bishop et al.,
2017; Gray et al., 2019). Because of this, results might be skewed in some studies because of
children with additional attentional and/or reading deficits. Therefore, it is important to
thoroughly screen all potential participants for such comorbid disorders. In addition, tasks should
be carefully chosen and designed to limit interference from such disorders.
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Another possible reason for the observed inconsistencies is the wide variety of
assessments used to measure a variety of subcomponents of working memory. A small sample of
such tasks include digit span (simple and complex), Corsi block design, and nonword repetition
to measure capacity, and GO/NoGO, Flanker, and Stroop tasks to measure inhibition and
selective attention. In addition, each of these tasks can be presented in either a verbal or
visuospatial design (Lukács et al., 2016; Gray et al., 2019). Different tasks might require
different strategies to complete, and as such children might recruit different brain functions (and
thus, areas) in order to perform successfully on each task. Because of this, studies using different
tasks, even ones that study the same aspect of working memory, might produce vastly different
results. Therefore, it is important to carefully consider the tasks used to assess one or more
components of working memory.
Electrophysiological studies of working memory deficits in children with SLI have the
potential to provide additional insight, as such methods allow for the examination of specific
brain activation patterns. ERP studies of cognitive control and working memory have reported
attenuated N200 responses in children with SLI compared to those with typical language
development. Epstein et al. (2014) found no differences in accuracy and response time in
children with SLI and typically developing controls. However electrophysiological results
showed that 10–12-year-old children with SLI showed an N200 waveform in response to a
GO/NoGO task similar to that of children around 2 years younger, suggesting a maturational lag
in the development of cognitive control in this population. Evans et al. (2011) found that children
with SLI showed decreased P300 amplitude in response to visual and auditory versions of an nback task than their typically developing peers. These results suggest that children with SLI
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showed greater difficulty with increasing working memory demands, potentially indicating
working memory deficits.
1.3 The N-back Task and Working Memory Performance
The n-back task requires participants to indicate whether the current stimulus matches the
one presented a certain number (n) of stimuli earlier. These stimuli can be modified to assess
verbal working memory (i.e. letters) or visuospatial stimulus (i.e. shapes). Unlike many
assessments used to measure working memory, the n-back task requires the use of several central
executive sub-processes, including capacity, updating, switching, inhibition, and selective
attention (Lukács et al., 2016). The n-back task is a complex working memory task that involves
both working memory storage and processing (Scharinger et al., 2017). Watter et al. (2001)
suggests that the n-back task is a dual task that can be separated into two distinct subtasks: a
working memory subtask, in which information is encoded and manipulated, and a matching
subtask, in which the current stimulus is compared to a previously selected stimulus held in
working memory.
Watter et al. (2001) further proposes that these two subtasks are represented by P300
amplitude and latency, respectively. Indeed, a number of studies have shown that P300
amplitude and latency appear to index different aspects of the n-back task. P300 amplitude has
been shown to increase in response to target trials as compared to non-target trials. However,
P300 amplitude in both target and non-target trials has been shown to decrease with increasing nback task load. This has been interpreted as a reflection of increased working memory load and
task difficulty (Watter et al., 2001; Scharinger et al., 2017). At the same time, P300 latency does
not appear to differ significantly with increasing n-back task load (Watter et al., 2001; Xiao et
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al., 2019a). Watter et al. (2001) interprets this finding as an indication of constant
“match/nonmatch” requirements over different n-back task conditions.
The P300 component has also been implicated in attention and performance errors. While
the working memory load demands of the n-back task appear to activate the P3b component, the
P3a represents the sustained attention needed to effectively complete the task. Xiao et al. (2019a)
found decreased P3a amplitudes in trials of an n-back task where the participant responded
incorrectly (error trials). These findings were interpreted as a representation of lapsed attention,
as well as deficit in memory updating resulting from this impaired attention.
The n-back task has been used extensively in neuroscience This task is relatively easy to
implement in neuroimaging and electrophysiological studies due to its simple response system
(i.e. button pressing v.s. recitation of a list of digits, words, or shapes/pictures). Further, the nback task allows for both accuracy and response times to be recorded, and parameters such as
level of difficulty and timing of stimulus presentation can be easily manipulated (Scharinger et
al., 2017). Additionally, the n-back task can be used to examine multiple aspects of working
memory at once, without the need for multiple tasks (Evans et al., 2011; Lukács et al., 2016;
Scharinger et al., 2017). The n-back task can provide valuable insight into the subprocesses
underlying working memory.
1.4 The Present Study
The purpose of the present study is to examine working memory processing in 8–12year-old children with and without SLI using behavioral and electrophysiological measures.
Working memory will be assessed using an n-back task at 3 levels (0-back, 1-back, 2-back). Lure
trials in the 1-back and 2-back conditions were added as additional measures of inhibition and
selective attention.
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1.4.1 Behavioral Hypotheses
Overall, it is hypothesized that performance (as measured by accuracy and response time)
will decline as task difficulty increases. Similarly, I hypothesize that the children with SLI will
perform more poorly overall than the children with TLD.
Specifically, I hypothesize that all children will show reductions in accuracy as task
difficulty increases (Pelegrina et al., 2015). I also hypothesize that that children with SLI will
show reduced accuracy as compared to typically developing controls, as an indication of
generalized informational processing deficits (Marton & Schwartz, 2003).
It is less clear whether the children with SLI will show differences in response time (RT)
when compared to children with TLD. Therefore, explanations for several potential outcomes
have been proposed: 1) If children with SLI show slower RTs than the TLD group, this could
indicate that these children need to work harder and take more time than children with TLD to
complete the same working memory task; 2) If RTs are faster for the SLI compared to the TLD
group, the faster time could indicate that the children are sacrificing accuracy for speed (this
would need to be confirmed with accuracy data); 3) If there are no differences in RT for the SLI
and TLD groups, this could indicate either that both groups use similar strategies to complete the
task or that any processing differences between the two groups do not result in a difference in
timing.
1.4.2 Electrophysiological Hypothesis
The main ERP of interest for the present study is the P3b, which is expected to be largest
in amplitude at electrode site Pz. I hypothesize that working memory load will modulate P3b
amplitude. More specifically, Watter et al. (2001) suggests that the n-back task is a dual task that
can be separated into two distinct subtasks: a working memory subtask, in which information is
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encoded and manipulated, and a matching subtask, in which the current stimulus is compared to
a previously selected stimulus held in working memory. Watter et al. (2001) further proposes
that these two subtasks are represented by P3b amplitude and latency, respectively. Because of
this, it is expected that: 1) both groups will show greater P3b amplitude for targets than nontargets; 2) both groups will show decreases in P3b amplitude as task difficulty increases as an
indication of increased working memory load (Scharinger et al., 2017); 3) children with SLI will
show decreased P3b amplitude as task difficulty increases as compared to typically developing
peers, indicating that such children have reduced working memory capacity (Evans et al.,
2011). Because the matching subtask remains the same across all condition types, no differences
in P3b latency are expected for either group across task conditions.
While the P3b is the main ERP of interest, positive and negative peaks at site Pz
preceding and following the P3b will be assessed to serve as a control. Specifically, children
with SLI and those will TLD are hypothesized to show no differences in the earlier, obligatory
responses to these visual stimuli (Creel, 2019). Prior to the P3b, two positive peaks (which will
be labeled P1 and P2 for convenience) and one negative peak (labelled N1) are examined.
However, if differences in amplitude or latency are observed between the SLI and TLD group
this would suggest a sensory deficit or possibly, an attentional difference (Shafer et al., 2007).
For example, Shafer et al. (2007) observed increased negative deflections around 100 ms when
attending to stimuli compared to ignoring stimuli in children with SLI. This effect was
interpreted as the Nd, which is observed when attention is allocated to stimulus processing
(Woldorff & Hillyard, 1991). In addition, in this study, children with SLI compared to those with
TLD showed increased Nd to the ignored stimuli. This pattern was interpreted to indicate that
children with SLI were less able to ignore stimuli when instructed to.
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Methods
2.1 Participants
Twenty-six 8-11 year old children from the greater New York City area participated in
this study. Using a battery of tests administered, 17 (9 boys, 8 girls) of these children were
classified as typically developing (TLD), and 8 (5 boys, 3 girls) children were classified as
having Specific Language Impairment (SLI). One (male) child was diagnosed with ADHD.
Many children with SLI have comorbid ADHD, and thus the decision was made to include this
child’s data in the SLI group. There were no significant differences in age between the two
groups, t(20) = -1.4256, p = 0.1694 (See Table 2.1). Four (1 SLI, 3 TLD) participants only had
age recorded in years, rather than months, and were thus excluded from analysis. However, all of
these children were 9 years of age, which is consistent with the mean age of both groups.
All children were monolingual English speakers with normal or corrected to normal
vision and did not have any other physical or neurodevelopmental disabilities. Left handedness
was not an exclusion criterion, but all children were right-handed, aside from 2 children in the
TLD group and 1 child in the SLI group. Language ability was further assessed using the
receptive language (RLS), expressive language (ELS), and composite language (CLS) portions
of the Clinical Evaluation of Language Fundamentals—Fourth Edition or Fifth Edition (CELF4/CELF-5; Semel et al. , 2003; Wiig et al., 2013). The SLI group scored significantly lower than
the TLD group on the CLS, t(5) = -4.112, p = 0.009, RLS, t(4) = -3.7381, p = 0.02, and ELS, t(5)
= -6.1071, p < 0.001, portions of the CELF-4. The children also completed the Test of NonVerbal Intelligence – Fourth Edition (TONI-4, Brown et al., 2010), and no difference in nonverbal intelligence between groups was found, t(5) = -1.3685, p = 0.235 (See Table 2.2). These
standardized test scores were missing for 11 participants (5 SLI, 6 TLD). TONI-4 scores were
missing for an additional 2 TLD participants. Note, however, the children were classified as SLI
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on the basis of score greater than 1.25 SD below the standardized mean (for the child’s age) on
two of the four core subtests of the CELF, who were tested in a different study. The scores could
not be retrieved at this time due to limited access to the lab by personnel who could recover the
scores (due to COVID-19).
2.2 Stimuli and Procedures
2.2.1 N-back Task
The present study used an n-back task, in which participants were required to judge
whether the current stimulus viewed on a monitor matched the one presented “n” trials
previously. Successful completion of this task requires participants to hold information in
working memory and immediately decide whether the newly presented stimulus is a target or a
non-target.
Stimuli consisted of white capital letters of the Roman alphabet presented one a at a time
at the center of a black screen for 3000 ms or until a response was made. All 26 letters of the
alphabet were included as potential stimuli. Participants were required use the left index finger of
their dominant hand to press the green button for a target and the red button for a non-target.
Location of response buttons on a response box was counterbalanced across participants.
The paradigm consisted of three difficulty conditions: 0-back, 1-back, and 2-back (See
Figure 2.1). The 0-back condition was a baseline recognition task in which participants were
instructed to press the target button when the letter “X” appeared on the screen. The 0-back
condition consisted of 216 trials (162 non-target trials, 54 target trials). The 1-back condition
consisted of two sub-conditions: neutral and proactive interference. In the 1-back neutral
condition, participants were instructed to press the target button when the presented stimulus
matched the stimulus that had been presented 1 trail previously. This sub-condition consisted of
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225 trials (171 non-target trials, 54 target trials). The 1-back proactive interference condition was
similar, only with the addition of proactive lures. These proactive lures were distractor items
presented prior to a target item and were designed to measure the effect of distractor items on
working memory performance across task difficulty conditions. This sub-condition consisted of
225 trials (117 non-target trials, 54 proactive lure trials, 54 target trials). The 2-back condition
consisted of three sub-conditions: neutral, proactive interference, and retroactive interference. In
the 2-back neutral condition, participants were instructed to press the target button when the
presented stimulus matched the stimulus that had been presented 2 trials previously. This subcondition consisted of 234 trials (180 non-target trials, 54 target trials). The proactive
interference condition was similar to that of the 1-back proactive interference condition but was
modified to fit with the 2-back task condition. The retroactive interference condition contained
retroactive lures, which were distractor items presented after a target stimulus. Both the proactive
and retroactive interference conditions consisted of 234 trials (126 non-target trials, 54 lure trials,
54 target trials).
Each stimulus type was given a 4-digit label based on condition (See Table 2.3). The first
two letters/numbers represent the condition and trial type (NT – non-target, TX- 0-back target,
T1 – 1-back target, T2 – 2-back target, LP – proactive lure, LR – retroactive lure). The last two
numbers match the codes used for each trial type in the Eprime behavioral output (16/17 – 0back, 18/19 – 1-back neutral, 20/21/22 – 1-back proactive interference, 23/24 – 2-back neutral,
25/26/27 – 2-back proactive interference, 28/29/30 – 2-back retroactive interference.
Testing took place in a dark, quiet room and the task was presented using Eprime
software on a 17-in computer monitor. Participants always completed the task in order of task
difficulty (i.e. 0-back then 1-back then 2-back), but the order of the sub-conditions within the 1-
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back and 2-back conditions was counterbalanced across participants. Instructions were repeated
for each block and participants were given a short break in between blocks. Participants
completed a short practice block at the start of each new task difficulty condition. Accuracy and
response time (RT) data was recorded for all participants.
2.2.2 EEG Procedures
EEG data were collected using an Electrical Geodesics 200 system with a 64-channel
Geodesic Sensor Net composed of silver/silver-chloride (Ag/AgCL) plated electrodes encased in
electrolyte-wetted sponges. Two electrodes were positioned under each eye to monitor eye
movements. The EEG data were continuously recorded at a sampling rate of 250 Hz. All ERP
responses were time-locked to the onset of each stimulus. Recordings were referenced to
Cz and re-referenced to the average reference off-line. The EEG signal was amplified using a
hardware bandpass filter set at 0.1–30 Hz and was digitized using 12-bit resolution.
2.3 Data Analysis
2.3.1 Behavioral Data Analysis
Performance measures included percent accuracy and RT to targets, non-targets, and
lures. Because participants were required to respond to both targets and non-targets, overall
accuracy for each condition was measured, rather than calculating false alarm rates. For each
trial, a score of 1 represented a correct response, whereas a score of 0 represented an incorrect
response. Responses were averaged together for each trial type to create a mean percent correct
score ranging from 0 to 1 for each participant for each trial type over each condition and subcondition. Though the common measurement of false alarm rates was not used for the present
study, such rates can be easily calculated by subtracting the accuracy score of interest from 1.
Because the data did not meet the assumptions needed for parametric testing, mean percent

18

correct scores for each group across all task conditions were examined using the nonparametric
Kruskal-Wallis test and the nonparametric Scheirer Ray Hare test (Scheirer et al., 1976). RT was
calculated from the onset of each stimulus to the button press. Mean RT scores for each group
across all task conditions were examined using an ANOVA. Two participants (1 SLI, 1 TLD)
failed to complete all n-back conditions, so behavioral data for those participants is missing for
the incomplete task conditions.
2.3.2 ERP Data Analysis
EEG data was processed using IGOR Pro 8. All data was filtered using a 15 Hz low pass
filter to minimize high frequency noise, including 60 Hz noise. Due to poor performance in
target trials across both diagnosis groups, only non-target trials were considered for EEG
analysis, with exception of the 0-back condition, in which both target and non-target trials were
analyzed. Lure trials were also excluded due to the high level of variability across participants.
Continuous EEG was segmented off-line into 1200 ms epochs for each trial of all experimental
conditions. Epochs included 200 ms pre-stimulus onset and 1000 ms post-stimulus onset. One
TLD participant was excluded from ERP analysis at this stage due to corrupted EEG recording.
All epochs for each participant underwent artifact decontamination procedures. Channels
were identified as potentially contaminated if EEG was greater than +/-100 µV. Channels
marked as contaminated for more than 15% of the trials were marked contaminated as for all
trials of that task condition. These channels were deleted and replaced with data by means of the
Delaunay triangulation. Trials with greater than 10 contaminated channels were rejected. Three
TLD participants were excluded from ERP analysis at this stage due to excessive noise across
trials. Data for some condition types were excluded for 10 participants (6 SLI, 4 TLD) due to
excessive noise for trials in those conditions. For the remaining participants and trial types, there
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was no significant difference in the number of trials discarded per trial type between the SLI
group (M = 37.46, SD = 17.86, Range = 4-84) and the TLD group (M = 34.34, SD = 24.88,
Range = 0-115), X2(1, N = 23) = 1.609, p = 0.2046. The remaining trials were rereferenced using
an average reference and baseline corrected to the mean of the prestimulus 200 ms.
Because the ERP of interest for the present study was the P3b, only waves from electrode
site Pz were examined. For the purposes of this study, the first positive peak in the waveform at
this electrode site was labelled as “P1,” the first negative peak as “N1,” and the second positive
peak as “P2.” These components are traditionally measured at occipital sites but are measured at
Pz in the present study to serve as controls for the main peak of interest, the P3b. The third
positive peak was consistent with the P3b in timing and topography. To calculate amplitude and
latency, the data was down-sampled (automatic filtering at the Engineer’s Nyquist) by a factor of
10, and points, representing 40 ms, and peaks were individually picked for each component of
interest for each participant across all task conditions. Visual inspection of the data indicated that
the P3 peaked at different time points across participants and task conditions. Therefore, The P3
was calculated using two separate methods, one of which being the individual peak picking
method discussed above. Because the P3b tends to be a relatively slow, long-lasting ERP,
amplitude was also calculating by averaging the amplitudes from 400 to 600 ms post-stimulus
onset. To compare amplitudes across diagnosis group and task condition, separate analyses of
variance (ANOVAs) were performed for each peak of interest.
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Results
3.1 Behavioral Results
3.1.1 Accuracy
It was hypothesized that the SLI group would show decreased accuracy at all levels of the
n-back task as compared to the TLD group. As expected, results of a non-parametric KruskalWallis test found that the SLI group performed significantly less accurately than the TLD group
at all levels of the n-back task, X2(1, N = 26) = 14.235, p < 0.001 (See Figure 3.1).
I also hypothesized that, regardless of diagnosis, accuracy would differ between task
difficulty conditions, with the 0-back condition having the highest accuracy and the 2-back
conditions having the lowest accuracy. It was further hypothesized that accuracy would be higher
for non-target than target conditions. Results of a non-parametric Kruskal-Wallis test found that
accuracy to target trials was significantly different across n-back task conditions, X2 = 10.553, p
= 0.001 (See Figure 3.2). Pairwise comparisons revealed that target accuracy was significantly
higher for the 0-back than the 1-back and 2-back conditions. Additionally, target accuracy for the
1-back conditions was lower than that of the 0-back conditions, but higher than that of the 2-back
conditions. No significant differences were found within the 1-back and 2-back conditions
(neutral, proactive interference, and retroactive interference). For non-target trials, results of a
non-parametric Kruskal-Wallis test found that accuracy was significantly different across task
difficulty conditions, X2 = 21.528, p < 0.001. Pairwise comparisons revealed that non-target
accuracy was significantly higher for the 0-back condition than the 2-back conditions. For lure
trials, results of a non-parametric Kruskal-Wallis test found no significant differences across task
difficulty condition, X2 = 1.5993, p = 0.459. (See Table 3.1).
Results of a non-parametric Kruskal-Wallis test found that accuracy was significantly
different between trial types, X2 = 46.344, p < 0.001. Pairwise comparisons revealed that
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accuracy was significantly higher for non-target trials than lure and target trials. Further,
accuracy was significantly higher for lure trials than target trials.
A non-parametric Scheirer Ray Hare test was performed to assess if any significant
interaction effects existed between diagnosis and task conditions. No significant interaction
effects were found, p = 0.999.
3.1.2 Response Time (RT)
A group (2) X condition (6) mixed factorial ANOVA for target trials found no significant
main effects of diagnosis, F(1, 24) = 0.134, p = 0.715 (See Figure 3.3), or n-back condition, F(5,
137) = 0.474, p = 0.795 (See Figure 3.4). No significant interaction effects were found, F(5, 137)
= 0.986, p = 0.428 (See Table 3.2).
For non-target trials, A 2 X 6 mixed factorial ANOVA found no significant main effects
of diagnosis, F(1, 24) = 0.011, p = 0.918, or n-back task condition, F(5, 137) = 0.272, p = 0.928.
No significant interaction effects were found, F(5, 137) = 0.925, p = 0.467.
For lure trials, A 2 X 6 mixed factorial ANOVA found no significant main effects of
diagnosis, F(1, 24) = 1.367, p = 0.246, or n-back task condition, F(5, 137) = 0.134, p = 0.875.
No significant interaction effects were found, F(5, 137) = 1.242, p = 0.295.
Results of a group (2) X trial type (3) mixed factorial ANOVA found no significant main
effects of diagnosis, F(1, 24) = 0.023, p = 0.978, or trial type, F(2, 72) = 0.751, p = 0.476. No
significant interaction effects were found, F(3, 72) = 0.463, p = 0.499.
3.2 ERP Results
3.2.1 P1
It was hypothesized that the first positive peak (P1) at electrode site Pz would not differ
in amplitude regardless of diagnosis or task condition. However, a 2 X 7 mixed factorial
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ANOVA found a significant main effect of diagnosis F(1, 20) = 8.180, p = 0.005 (See Table
3.3). Post hoc testing revealed that P1 amplitude was significantly higher for the TLD group than
the SLI group (See Figures 3.6-3.9). As expected, results showed no main effect of task
condition F(6, 105) = 0.235, p = 0.964 and no significant interaction between diagnosis and task
condition F(6, 105) = 0.417, p = 0.866.
No significant difference in P1 latency, regardless of diagnosis or task condition, was
expected. A 2 X 7 mixed factorial ANOVA supported this hypothesis. No main effect of
diagnosis, F(1, 20) = 0.848, p = 0.359 or task condition, F(6, 105) = 0.703, p = 0.648 were
found. Similarly, no interaction effects between diagnosis and task condition were found, F(6,
105) = 0.294, p = 0.939.
3.2.2 N1
It was first hypothesized that the first negative peak (N1) at electrode site Pz would not
differ in amplitude regardless of diagnosis or task condition. As expected, a 2 X 7 mixed
factorial ANOVA found no significant main effects of diagnosis F(1, 20) = 0.159, p = 0.691, or
task condition F(6, 105) = 0.271, p = 0.949. No significant interaction between diagnosis and
task condition was found F(6, 105) = 0.376, p = 0.893.
It was further predicted that there would be no significant difference in N1 latency,
regardless of diagnosis or task condition. A 2 X 7 mixed factorial ANOVA supported this
hypothesis. No main effect of diagnosis, F(1, 20) = 0.004, p = 0.948 or task condition, F(6, 105)
= 0.605, p = 0.726 were found. Similarly, no interaction effects between diagnosis and task
condition were found, F(6, 105) = 0.502, p = 0.805.
3.2.3 P2
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It was hypothesized that the second positive peak (P2) at electrode site Pz would not
differ in amplitude regardless of diagnosis or task condition. As expected, a 2 X 7 mixed
factorial ANOVA found no significant main effects of diagnosis F(1, 20) = 0.796, p = 0.374, or
task condition F(6, 105) = 0.481, p = 0.821. No significant interaction between diagnosis and
task condition was found F(6, 105) = 0.201, p = 0.976.
It was further hypothesized that there would be no significant difference in P2 latency,
regardless of diagnosis or task condition. A 2 X 7 mixed factorial ANOVA supported this
hypothesis. No main effect of diagnosis, F(1, 20) = 2.058, p = 0.154 or task condition, F(6, 105)
= 1.049, p = 0.398 were found. No interaction effects between diagnosis and task condition were
found, F(6, 105) = 0.494, p = 0.812.
3.2.4 P3b
It was predicted that the SLI group would show decreased P3b amplitude as compared to
the TLD group. Additionally, it was hypothesized that P3b amplitude would decrease in both
groups as task difficulty increased. Finally, it was hypothesized that in the 0-back condition,
participants would produce a larger P3b amplitude in response to targets (TX17) than non-targets
(NT16).
As discussed in above, P3b amplitude was calculated in 2 ways. For manually picked P3b
point amplitudes, a 2 X 7 mixed factorial ANOVA found a main effect of diagnosis, F(1, 20) =
5.068, p = 0.027. Post-hoc testing revealed that P3b amplitude was significantly higher for the
TLD group than the SLI group (See Figures 3.5-3.9). A main effect of task condition approached
significance, F(6, 105) = 2.141, p = 0.056, but no significant interaction effects between
diagnosis and task condition were found F(6, 105) = 0.379, p = 0.891.
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For the P3b amplitude averaged across the 400-600 ms interval, a 2 X 7 mixed factorial
ANOVA found a main effect of diagnosis F(1, 20) = 4.369, p = 0.039. Post hoc testing revealed
that P3b amplitude was significantly higher for the TLD group than the SLI group (See Figures
3.5-3.9). A main effect of task condition was also found, F(6, 106) = 2.259, p = 0.043. Pairwise
comparisons revealed that P3b amplitude was significant higher for 0-back targets (NT17) than
0-back non-targets (NT16; See Figures 3.5-3.6). However, no other significant differences in P3
amplitude by task condition were revealed (See Table 3.4). Further, no interaction effects
between diagnosis and task condition were found, F(6, 106) = 0.461, p = 0.836.
Averaged P3b amplitudes across the 1 and 2-back non-target conditions were further
analyzed by subtracting the 0-back non-target (NT16) P3b amplitude value from the amplitudes
of each other condition for all conditions. This approach was undertaken as a means of
normalizing the P3b effect across participants. Results of a 2 X 6 factorial ANOVA showed a
main effect of diagnosis, F(1, 19) = 5.664, p = 0.02, with the SLI group showing significantly
lower P3b amplitudes. A main effect of task condition was also found, F(5, 85) = 3.752, p =
0.004. Pairwise comparisons revealed that the P3b amplitudes for the 0-back target (TX17)
condition was significantly higher than that of the 2-back retroactive interference non-target
(NT25) condition (See Table 3.5). Difference in P3b amplitude from the TX17 condition
approached significance for the 1-back retroactive interference (NT20) condition and the 2-back
neutral (NT23) condition. No interaction effects between diagnosis and task condition were
found, F(5, 85) = 0.354, p = 0.878.
Because significant differences were found between the SLI and TLD groups for both
percent accuracy and P3b amplitude, tests were run to see if the two measures correlated. A non-
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parametric Spearman’s Rho found that the two values were not significantly correlated, ρ(N= 22)
= 0.008, p = 0.929).
It was also hypothesized that there would be no significant differences in P3b latency
across diagnosis and task condition. As expected, results of a 2 X 7 factorial ANOVA found no
significant main effects of diagnosis, F(1, 20) = 0.237, p = 0.627, or task condition, F(6, 105) =
0.306, p = 0.932. Similarly, no interaction effects between diagnosis and task condition were
found, F(6, 105) = 0.893, p = 0.503.
3.2.5 Late-Stage Negativity
Upon visual inspection of the ERP waves, it appeared that, while the wave returned to
baseline following the P3b for the TLD group, a slow, long-lasting negativity followed the P3b
in the SLI group. For exploratory purposes, data points across this time interval (720-1000 ms)
were averaged for all participants. A 2 X 7 factorial ANOVA of these averaged amplitudes
revealed a significant main effect of diagnosis, F(1, 20) = 10.534, p = 0.002 (See Figures 3.53.9). Post hoc testing showed that average amplitude for this late time point was significantly
more negative for the SLI group than the TLD group (See Table 3.6). No significant main effect
of task condition, F(6, 105) = 0.392, p = 0.883 was found. No interaction effects between
diagnosis and task condition were found, F(6, 105) = 0.126, p = 0.993.
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Discussion
4.1 Behavioral Findings
4.1.1 Accuracy
As hypothesized, overall accuracy for both groups decreased as n-back task difficulty
increased. Accuracy scores were near ceiling for both target and non-target trials in the 0-back
condition, reflecting the simple nature of this baseline recognition task. Accuracy scores
remained high for non-target trials across all conditions, but both groups found 1-back target
trials significantly harder than 0-back targets, and 2-back target trials significantly harder than 1back target trials. In other words, accuracy across both groups decreased as working memory
load increased.
This particular n-back task also included proactive and retroactive lure trials at the 1-back
and 2-back level in order to examine the children’s ability to suppress distractors. Similar to
traditional non-target trials, accuracy to lure trials remained high across group and task
condition, though accuracy to lure trials was lower to that of non-targets. Such results suggest
that, at the behavioral level, both the children with SLI and those with TLD treated these
distractor items more similarly to non-target trials than target trials. Thus, this finding suggests
that the interference conditions were not too difficult for the children, at least up to 2-back level
of difficulty.
It was also hypothesized that the SLI group would show decreased accuracy at all levels
of the n-back task as compared to the TLD group. Indeed, results showed that the SLI group
performed significantly less accurately than the TLD group across all task difficulty levels.
These results suggest that many children with SLI do have poorer working memory capacity,
although the exact nature of this finding cannot be determined from behavioral performance
alone. Such results are consistent with the hypothesis that SLI is the result of a generalized
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information processing deficit rather than solely a language-specific impairment (Weismer et al.,
1999; Marton & Schwartz, 2003; Montgomery, 2003; Marton et al., 2007; Epstein et al., 2014).
However, accuracy data alone does not provide a full explanation of which specific task
components the SLI group struggled with. It remains unclear whether the decreased accuracy
scores for children with SLI are the result of deficits in working memory capacity, updating,
attention, or some combination of the above.
4.1.2 RT
No significant differences in RT were found between groups or across task conditions.
These findings suggest that the SLI and TLD groups took the same amount of time to respond to
trials, regardless of trial type or task difficulty level. These results are inconsistent with the
hypothesis that children with SLI exhibit slower information processing (Evans et al., 2011; Park
et al., 2015). These results could indicate that both groups utilize a similar processing strategy to
complete the task. Alternatively, significant processing differences could exist between the two
groups, but such processes exist on the same timescale and thus are not evident through RT
measures.
4.2 ERP Findings
4.2.1 Obligatory Responses
In order evaluate whether the differences in the children might be related to sensory
processing, rather than to a higher-level process such as working memory, the sequence of peaks
prior to the P3b response at electrode site Pz were also examined. Note that ideally, if the main
focus of the present study was on visual evoked responses, these responses would be measured
over occipital sites. However, for this study, we were more concerned about how this modulation
might affect our measures at Pz, where P3b is largest. Thus, we measure the responses at Pz.
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The first positive peak (P1), occurring at roughly 100-200 ms post stimulus onset, is
thought to reflect the brain’s earliest response to the presence of new visual input (Taylor, 2002;
Creel, 2021). Because this early response is simply a register of new stimulus input, it was
hypothesized that there would be no difference in P1 amplitude or latency across the SLI and
TLD groups or across task difficulty condition. However, results showed that P1 amplitude was
significantly higher for the TLD group than the SLI group.
This finding was unexpected, as SLI is thought to be a higher order executive function
deficit and should not affect visual processing at this early stage (Epstein et al., 2014). However,
there are studies that suggest perceptual deficits in the auditory domain in children with SLI
(Shafer, et al., 2005; Datta et al., 2010. Kujala & Leminen, 2017). In addition, SLI is often comorbid with dyslexia and the present study’s task used letters (Gray et al., 2019). Thus, the
difference in P1 amplitude between TLD and SLI children found in the present study is
somewhat consistent with the literature. Kaganovich et al. (2016) found attenuated P1 amplitudes
in children with SLI in response to speakers’ faces during a combined audio-visual congruency
task. The P1 responses of the children with SLI in this study also differed in latency, peaking at
significantly later timepoint that the P1 of the TLD controls. No such differences in latency,
however, were found in the present study. Kaganovich et al. (2016) attribute this reduced P1
amplitude to poor attentional allocation to the visual stimuli in their study. This is consistent with
findings that children with SLI show attentional deficits as compared with TLD children (Lukács
et al., 2016; Gray et al., 2019; Ladányi & Lukács, 2019).
Shafer et al. (2007) also found differences in P1 amplitude in children with SLI that were
attributed to attentional allocation deficits. In this study, children were given a silent video to
watch and instructed to ignore a set of auditory stimuli. The researchers found that the children
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with SLI had a greater P1 amplitude than TLD children in response to vowel stimuli that they
were instructed to ignore, but both groups had increased negativity to the vowel stimuli when
instructed to attend to the auditory modality. The shift in negativity of the P1 for the auditory and
visual modalities may both reflect an attentional effect called the Nd (or Processing Negativity).
The researchers attributed the difference in the Nd effect between the children with SLI and TLD
to a reduced ability in children with SLI to deflect attention away from extraneous stimuli
(Shafer et al., 2007).
Taken together, the results of Kaganovich et al. (2016) and Shafer et al. (2007) suggest
that children with SLI have greater difficulty attending to relevant stimuli and directing attention
away from irrelevant stimuli, and that these attentional deficits are evident even at the earliest
stage of visual and auditory processing. Alternatively, the pattern may indicate that the children
need greater attentional resources directed to the non-targets to reject them from the target
category. This latter explanation is consistent with the hypothesis that children with SLI have
difficulty suppressing interfering information. However, there are numerous methodological
differences between the present study and those of Kaganovich et al. (2016) and Shafer et al.
(2007) that must be considered. Mainly, both of the above-mentioned studies used both auditory
and visual stimuli, whereas the present study used visual stimuli alone. The use of dual
modalities naturally requires divided attention in the way that the present study’s visual only
modality does not. At the same time, however, the tasks used in these dual modality studies are
otherwise less demanding than the n-back task utilized by the present study. Kaganovich et al.
(2016) simply required participants to assess whether the auditory and visual stimuli were
congruent or incongruent, and Shafer et al.’s (2007) task was a passive listening/watching task,
where the response in the auditory attend task was to a tone inserted occasionally among the
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vowels. In the n-back task, however, participants were required to constantly hold and update
information in working memory and judge whether each new stimulus matched that of the one
presented “n” trials previously.
Additionally, Kaganovich et al. (2016) found differences in P1 latency between the SLI
and TLD groups that were not found in either Shafer et al. (2007) or the present study (although,
Shafer, et al., 2007 reported a small effect of latency which did not reach significance). Because
of this and differences in stimuli modalities and task demands, more research is needed to clarify
the nature of the attenuated P1 amplitudes for SLI children.
Similar to the visual P1, the visual N1, a negative peak occurring at roughly 150-250 ms
post stimulus onset, is a visual evoked potential thought to reflect early brain responses to newly
presented visual stimuli (Vogel & Luck, 2000; Creel, 2021). It was hypothesized that there
would be no differences in N1 amplitude and latency between the SLI and TLD groups across all
n-back task conditions. The results supported this hypothesis as no significant differences in N1
amplitude or latency were found. Note that in studies of reading, the N1 (also called the N170
when measured at occipital sites) is sensitive to reading expertise. Thus, the finding of no
difference for the peak suggests that all of the children had sufficient letter recognition to encode
letters adequately in visual cortex.
When taken with the above-mentioned P1 amplitude differences, this result is interesting.
If the reductions in P1 amplitude found in the SLI group are indeed caused by attentional deficits
as hypothesized, such attentional deficits do not seem to affect the N1 at all. Vogel and Luck
(2000) noted that P1 attention effects appear to present in the absence of N1 attention effects and
vice versa and suggested that such effects are independent and reflect different attentional
mechanisms, though the nature of these mechanisms are not well understood. The results of the
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present study are consistent with this theory, possibly indicating that the attentional mechanism
associated with N1 attentional effects was either not utilized by either the SLI or TLD group in
the completion of the n-back task, or that there are no differences between groups in the use of
such mechanism. Alternatively, this effect (which may be the Nd), may be independent of the
obligatory response and thus latency of this effect may be more related to how various processes
overlap across time and add up (and sometimes cancel out).
The P2 response was a positive peak occurring roughly between 250-350 ms post
stimulus onset. Similar to the P1 and N1 responses, the visual P2 is thought to reflect early
processing to newly presented visual stimuli (Herdman & Takai, 2013; Creel, 2019). As
hypothesized, no differences in P2 amplitude and latency were found between the SLI and TLD
groups across all n-back task conditions.
The visual P2 component appears to be sensitive to orthographic novelty. Herdman and
Takai (2013) found that adults showed increased P2 amplitude in response to pseudo-letters
compared to real letters, indicating that more resources were used in the visual processing of
novel letter shapes than familiar ones. Since the present study utilized only standard capital
letters of the Roman alphabet, all participants were familiar with the presented stimuli and thus
did not need to allocate additional resources to visual processing. Similarly, the stimuli were
consistent across all n-back task conditions, and thus visual processing at the P2 component
stage was consistent across all task conditions, regardless of difficulty. Therefore, this finding
suggested that both groups of children have sufficient encoding skills for English orthography.
4.2.2 P3b Effect
For the purposes of the present study, the P3b amplitude was calculated in two separate
ways: peak amplitude and average amplitude. Peak P3b amplitude, calculated by taking only the
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highest point of the P3b peak at site Pz for each participant, was significantly lower for the SLI
group than the TLD group, though no differences were found in P3b amplitude across task
difficulty condition. Average P3b amplitude, calculated by averaging amplitude from 400-600
ms post stimulus onset for each participant, was significantly lower for the SLI group than the
TLD group. Additionally, average P3b amplitudes were significantly higher for 0-back target
(TX17) trials than 0-back non-target (NT16) trials.
The attenuated P3b amplitude found for the SLI group is consistent with results of the
few previous ERP studies of working memory in children with SLI (Weber-Fox et al., 2010;
Evans et al., 2011). As P3b amplitude is thought to reflect working memory load and task
difficulty, the attenuated P3b shown by the SLI group in these studies indicates that the children
with SLI found the task more difficult than the TLD. This is supported by lower accuracy scores
for the SLI group than the TLD group in the present study.
There are several potential reasons the SLI group found the task to be more difficult than
the TLD group. One such reason is that the children in the SLI group had reduced working
memory capacity as compared to those in the TLD group. Numerous behavioral studies have
shown that children with SLI have attenuated verbal and non-verbal working memory capacity
as compared to children with TLD, though the reason for this difference is unclear (Weismer et
al., 1999; Marton & Schwartz, 2003; Montgomery, 2003; Marton et al., 2007; Loucus et al.,
2010; Alt, 2011). It is possible that the children in the SLI group struggled with the working
memory load requirements of the n-back task, resulting in attenuated P3b amplitudes and lower
accuracy scores. However, although accuracy decreased as task difficulty increased, there were
no significant differences in P3b amplitudes for non-targets across the three task difficulty
conditions (0-back, 1-back, 2-back). If the SLI group was struggling with increased working
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memory load demands, a decrease in P3b amplitude as task difficulty increased would be
expected.
Another potential reason the children with SLI found the n-back task to be more difficult
than the children with TLD is that the children with SLI showed deficits in attention. There is
ample evidence to suggest that children with SLI struggle with sustained attention, perhaps due
to a reduced ability to appropriately allocate attention to relevant stimuli and ignore irrelevant
stimuli (Shafer et al., 2007; Finneran et al., 2009; Kapa & Plante, 2015; Victorino & Schwartz,
2015; Kaganovich et al., 2016; Rice, 2016). Therefore, the attenuated P3b amplitudes found in
the present study could reflect attentional deficits, rather than reduced working memory capacity.
Indeed, this would explain why P3b amplitude remained constant across task difficulty
conditions, rather than decreasing as working memory load demands increased. Such an
explanation would also be consistent with the attenuated P1 amplitude also found in the SLI
group. However, more research is needed to further understand the true nature of the observed
neurological processing differences between the SLI and TLD groups.
No differences in P3b latency were found between the SLI and TLD groups or across nback task conditions. This result is consistent with Watter et al.’s (2001) model that P3b latency
reflects the cognitive demands of the matching subtask of the n-back task, which remains
constant across all task conditions. However, Watter et al.’s (2001) model also suggests that P3b
amplitude reflects the cognitive demands of working memory load. Results of Scharinger et al.
(2017) support this theory, as this study found P3b amplitude decreases as n-back task difficulty
increases. The present study found no such amplitude change in either participant group. Rather,
P3b amplitude remained constant across n-back task difficulty conditions. It is unclear why P3b
amplitude did not change as working memory load increased, as accuracy scores clearly show
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both groups found the task more difficult as working memory load increased. It may be
necessary to pursue a more sophisticated analysis approach that makes use of the data from all
sites (perhaps a principal components analysis approach) to confirm that there are no differences,
regardless of site choice.
4.2.3 Late-Stage Negativity
Another unexpected finding was the observation of a slow, sustained negativity in the
SLI group immediately following the P3b response. While the TLD group’s waveforms returned
to roughly 0 µV following the P3b, the SLI group’s waveforms underwent a significantly more
negative deflection lasting from roughly 650-1000 ms post stimulus onset. This negative
deflection appears to be a positive slow wave (PSW), a slow, late-appearing wave that disrupts
the return to baseline. Over parietal sites such as Pz, the PSW has a negative deflection and
appears to reflect some aspect of working memory processing (Rösler & Heil, 1991; GarciaLarrea & Cézanne-Bert, 1996; Lefebvre et al., 2005; Tsai et al., 2012; Vilà-Balló et al., 2018).
Two main hypotheses of what function is indexed by the PSW have been proposed. One
such hypothesis is that the PSW is response related and is a reflection of decision processes.
Within the framework of this model, differences in PSW amplitude and latency could thus be
indications of the amount of processing needed to make a decision, response difficulty, or even
attention to task performance (Garcia-Larrea & Cézanne-Bert, 1996). Therefore, the increased
negativity found in the SLI group in the present study could indicate that the children with SLI
struggled more with task decision making than those from the TLD group. This explanation is
consistent with the decreased accuracy scores found for the children with SLI.
Alternatively, the PSW has also been proposed to reflect anticipation of and preparation
for the next experimental trial. Within the framework of this model, differences in PSW
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amplitude and latency could reflect the processing demands of retaining and updating
information in working memory in preparation for the next trial (Rösler & Heil, 1991; GarciaLarrea & Cézanne-Bert, 1996; Vilà-Balló et al., 2018). Therefore, the increased negativity found
in the children with SLI in the present study could indicate that the SLI group needed to allocate
more resources for working memory updating than the TLD group. This explanation is consistent
with the reduced P3b amplitude and accuracy scores found for these children.
The present study appears to be the first to report differences in PSW amplitude between
children with SLI and typically developing controls. However, other studies have found
differences in PSW amplitude and working memory performance in participants with other
neurodevelopmental and neuropsychiatric conditions. Zhao et a1. (2011) found that adults with
schizophrenia showed a more negative slow wave in response and reduced accuracy to a working
memory task than healthy controls. Tsai et al. (2012) found that children with developmental
coordination disorder showed the opposite effect, a more positive PSW than typically developing
controls in addition to poorer performance on a working memory task. More research into the
effect of neurodevelopmental disorders such as SLI on PSW amplitude and latency is needed to
fully understand any working memory deficits associated with these disorders.
4.3 Limitations and Future Directions
One possible limitation of the present study’s procedure is that task difficulty condition
order was not counterbalanced across participants. Rather, all participants first completed the 0back condition, then the 1-back conditions, and then the 2-back conditions. It is, therefore,
possible that participants, particularly those with SLI, were consistently more fatigued during the
2-back condition. However, this presentation order was necessary in the present study, as the
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children needed time to learn how to complete the task at an easier level before advancing
(Pelegrina et al., 2015).
Furthermore, with the exception of the 0-back condition, only non-target trials were used
for ERP analyses in this study. This was due to low accuracy scores for 1-back and 2-back
targets, which, along with the greater level of noise associated with child participants in EEG
studies, greatly limited the number of trials available for examination. The addition of more
participants would alleviate this issue, allowing for ERPs in response to target trials to be
compared to those of non-targets. Analysis of 0-back targets (TX17) showed that P3b amplitude
was significantly larger for 0-back targets than 0-back non-targets. It is therefore expected that
P3b amplitude to 1-back and 2-back target trials would also be greater than that of non-targets, at
least for correct trials. It is also possible that P3b amplitudes in response to targets could
decrease as working memory load increased in a way that responses to non-targets did not, which
would be consistent with the literature. Similarly, the addition of more participants would allow
for the calculation of a d’ scores (from correct responses and false alarms). Unfortunately, at the
current time, it was not possible to add additional participants to the study (due to COVID-19).
The addition of more children with SLI would also allow for the 1 participant with
ADHD to be discarded. This participant was included in the SLI group because of the similarity
of executive function impairments between SLI and ADHD. Although evidence for attentional
deficits associated with SLI are well documented, it is possible that the addition of a child with
ADHD to the SLI group could have been a significant contributor to the findings of attentional
allocation difficulties found in the present study. Future research should perhaps examine
working memory performance in SLI and ADHD in the same study to further elucidate the
specific effects of attentional deficits associated with each condition on working memory
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performance. This is particularly important because of high rates of co-morbidity for SLI and
ADHD (Bishop et al., 2016; Bishop et al., 2017).
Future research should also examine the specific effect of the proactive and retroactive
lure conditions used in the present study. Behavioral data suggests that both SLI and TLD groups
treated lure trials more similarly to non-target trials than target trials. However, ERP analyses of
these trials could uncover differences in neurological processing. Specifically, N200 responses
should be examined, as it is believed to reflect interference suppression and inhibitory control.
Previous studies have found attenuated N200 responses in children with SLI (Epstein et al.,
2014). It is therefore possible that children with SLI will show decreased N200 amplitude in
response to these lure trials.
Furthermore, though the results of the present study strongly implicate attentional deficits
in children with SLI, it was not originally designed to assess attention. Future studies should
implement attentional measures into the design. For example, eye tracking technology could be
used to examine differences in time spent looking at the stimuli during trials, which could be
used as a measure of attention. Similarly, since the children with SLI showed reduced accuracy
even in the easiest task condition (0-back), the addition of an even easier task could further
assess whether the reduced accuracy and attenuated P3b amplitude for children with SLI in this
study is the result of reduced working memory capacity or attentional deficits.
4.4 Conclusions and Implications
The present study used behavioral and electrophysiological methods to examine
differences in working memory task performance between children with SLI and typically
developing controls. The SLI group performed significantly less accurately at all levels of the
task, and ERP investigations indicated that this difference in performance could be the result of
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deficits in working memory capacity and attention. Results of the present study further support
the hypothesis that SLI is not a language-specific disorder. Rather, a deficit in generalized
information processing and/or executive functioning is a contributing factor. These results
further highlight the need for therapies that address working memory, attention, and other
executive functioning skills in addition to language skills.
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Table 2.1 Participant Age in Months
Table of mean and standard deviation of participant age by diagnosis group. The groups do not significantly
differ in age.

Participant Age in Months
TLD
SLI

M
111.63 (9.3 years)
118.29 (9.9 years)

SD
12.97 (1.1 years)
8.97 (0.7 years)
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Table 2.2 Standardized Test Scores and Percentiles by Diagnosis
a) composite language score portion of CELF-4; b) receptive language score portion of CELF-4; c) effective language score
portion of CELF-4; d) Test of Non-Verbal Intelligence scores; e) composite language score percentile; f) receptive language
score percentile; g) effective language score percentile; h) Test of Non-Verbal Intelligence percentile. The SLI group
performed significantly worse on all subcomponents of CELF-4, but the groups did not differ on scores of non-verbal
intelligence.

Standardized Test Scores and Percentiles by Diagnosis
CLSa

RLSb

ELSc

TONId

CLS%e

RLS%f

ELS%g

TONI%h

TLD
M
SD
Range

115.727
11.376
98-134

111.182
8.829
102-129

119.909
11.802
104-135

111.22
10.1
102-133

81.64%
18.52%
45%-99%

73.82%
14.1%
55%-97%

85.18%
14.92%
61%-99%

73%
15.79%
55%-99%

SLI
M
SD
Range

86.75
12.311
78-105

83.5
13.82
74-104

86
8.524
78-98

100.75
13.74
88-120

26.5%
25.36%
7%-63%

21.5%
26.59%
4%-61%

18.5%
18.23%
6%-45%

49.75%
29.95%
21%-91%
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Black – 0-back nontarget; NT16
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A
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Red – 1-back target; T119

1- back Proactive Interference

S
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G

H

Black – 1-back nontarget; NT20
Red – 1-back target; T121
Blue – 1-back proactive interference lure; LP22
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Red – 2-back target; T224

2-back Proactive Interference
A
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S

S

G

Black – 2-back nontarget; NT25
Red – 2-back target; T226
Blue – 2-back proactive interference lure; LP27
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2-back Retroactive Interference
A
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D
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F
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L

S

D

S

S

Black – 2-back nontarget; NT28
Red – 2-back target; T229
Green – 2-back retroactive interference lure; LR30
Figure 2.1 N-back Task Stimuli
Examples of stimuli presentation for each condition of the n-back task. Non-targets are color coded in black, targets
in red, proactive lures in blue, and retroactive lures in green.
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Table 2.3 Codes for N-back Trial Types
Breakdown of codes used to label each n-back trial type. Each stimulus type was given a 4 digit label based on
condition. The first two letters/numbers represent the condition and trial type (NT – non-target, TX- 0-back target,
T1 – 1-back target, T2 – 2-back target, LP – proactive lure, LR – retroactive lure). The last two numbers match the
codes used for each trial type in the Eprime behavioral output (16/17 – 0-back, 18/19 – 1-back neutral, 20/21/22 – 1back proactive interference, 23/24 – 2-back neutral, 25/26/27 – 2-back proactive interference, 28/29/30 – 2-back
retroactive interference.

N-back Trial Type Codes
Code

Trial Type

NT16
TX17
NT18
T119
NT20
T121
LP22
NT23
T224
NT25
T226
LP27
NT28
T229
LR30

0-back non-target
0-back target
1-back neutral non-target
1-back neutral target
1-back proactive interference non-target
1-back proactive interference target
1-back proactive interference lure
2-back neutral non-target
2-back neutral target
2-back proactive interference non-target
2-back proactive interference target
2-back proactive interference lure
2-back retroactive interference non-target
2-back retroactive interference target
2-back retroactive interference lure
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Figure 3.1 % Accuracy by Diagnosis
Box plot of percent accuracy across all task conditions by diagnosis. Accuracy was
significantly lower for the SLI group than the TLD group across all task difficulty conditions.
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Table 3.1 Mean and Standard Deviation of Accuracy by Diagnosis and Task Condition
Table of mean (standard deviation) of accuracy by diagnosis and task condition. Correct answers were coded as 1 and incorrect answers as 0. The SLI group
performed significantly less accurately across all task conditions. Both groups performed more accurately on non-target and lure trials than target trials.
Accuracy was significantly higher for the 0-back conditions than the 1-back and 2-back conditions. Accuracy was significantly higher for the 1-back
condition than the 2-back condition.
Mean (Standard Deviation) of Accuracy by Diagnosis and Task Condition
0-back

1-back

2-back

NT16

TX17

NT18

T119

NT20

T121

LP22

NT23

T224

NT25

T226

LP27

NT28

T229

LR30

TLD

0.97
(0.03)

0.809
(0.168)

0.961
(0.057)

0.632
(0.174)

0.949
(0.107)

0.629
(0.188)

0.874
(0.093)

0.883
(0.106)

0.427
(0.225)

0.92
(0.057)

0.438
(0.248)

0.791
(0.17)

0.927
(0.067)

0.554
(0.225)

0.815
(0.156)

SLI

.931
(0.108)

0.831
(0.09)

0.881
(0.095)

0.428
(0.244)

0.822
(0.233)

0.512
(0.25)

0.675
(0.265)

0.849
(0.112)

0.264
(0.189)

0.854
(0.082)

0.213
(0.14)

0.782
(0.109)

0.852
(0.136)

0.271
(0.113)

0.759
(0.103)
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Figure 3.2 % Accuracy by Task Condition
Box plot of percent accuracy by task condition across diagnosis groups. Accuracy was significantly higher for
non-target and lure trials than target trials. Accuracy was significantly higher for 0-back trials than 1-back and
2-back trials. Accuracy was significantly higher for 1-back trials than 2-back trials.
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Table 3.2 Mean and Standard Deviation of RT by Diagnosis and Task Condition
Table of mean (standard deviation) of RT(ms) by diagnosis and task condition. No significant differences were found between diagnosis groups or task condition.
Mean (Standard Deviation) of RT by Diagnosis and Task Condition
0-back

1-back

2-back

NT16

TX17

NT18

T119

NT20

T121

LP22

NT23

T224

NT25

T226

LP27

NT28

T229

LR30

TLD

547.92
(83.49)

567.82
(82.74)

608.51
(148.75)

637.88
(157.73)

610.91
(157.35)

658.62
(177.5)

666.68
(182.14)

641.44
(222.61)

685.79
(254.49)

607.99
(163.8)

680.29
(220.64)

684.1
(227.66)

656.04
(208.87)

682.93
(219.1)

735.93
(257.09)

SLI

641.32
(230.78)

650.64
(228.88)

601.95
(211.32)

676.14
(282.9)

670.3
(239.32)

716.63
(243.57)

712.02
(232.6)

560.25
(158.33)

592.16
(168.39)

594.76
(179.43)

616.9
(225.66)

595.05
(212.67)

568.98
(141.39)

566.49
(170.72)

576.25
(209.17)
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Figure 3.3 % RT by Diagnosis
Box plot of average RT across all task conditions by diagnosis. No significant differences in
RT were found between the SLI and TLD groups.
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Figure 3.4 Response Time by Task Condition
Box plot of average response time by n-back task condition. No significant differences were found between task
difficulty conditions, nor between targets and non-targets.
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Table 3.3 Mean and Standard Deviation of P1 Amplitude by Diagnosis and Task Condition
Table of mean (standard deviation) of P1 amplitude (µV) by diagnosis and task condition. P1 amplitudes were
significantly lower for the SLI group across all task conditions. No significant differences were found across task
condition.

Mean (Standard Deviation) of P1 Amplitude (µV) by Diagnosis and Task Condition
0-back

1-back

2-back

TX17

NT16

NT18

NT20

NT23

NT25

NT28

TLD

4.219
(3.503)

4.377
(3.195)

5.348
(3.599)

5.656
(2.953)

4.926
(3.345)

5.138
(2.977)

5.262
(4.112)

SLI

3.214
(3.555)

3.909
(2.632)

3.602
(1.109

3.258
(1.994)

2.412
(2.282)

1.207
(1.284)

3.077
(1.566)
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Amplitude (µV)
Amplitude (µV)

Time (ms)

Figure 3.5 ERP Responses to 0-back by Diagnosis
A) ERP responses of the SLI group to 0-back target and non-target trials. B) ERP responses of the TLD group to
0-back target and non-target trials. The SLI group showed significantly lower P1, P3, and PSW amplitudes than
the TLD group. P3 amplitudes were significantly higher for target than non-target trials.
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Amplitude (µV)

A

Amplitude (µV)

B

Time (ms)

Figure 3.6 ERP Responses to 0-back by Task Condition
A) ERP responses of SLI and TLD groups to 0-back non-target (NT16) trials. B) ERP responses of SLI and
TLD groups to 0-back target (TX17) trials. The SLI group showed significantly lower P1, P3, and PSW
amplitudes than the TLD group. P3 amplitudes were significantly higher for target than non-target trials.
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Amplitude (µV)

A

Amplitude (µV)

B

Figure 3.7 ERP Responses to 1-back

Time (ms)

A) ERP responses of SLI and TLD groups to 1-back neutral non-target (NT18) trials. B) ERP responses of SLI
and TLD groups to 1-back proactive interference (NT20) trials. The SLI group showed significantly lower P1,
P3, and PSW amplitudes than the TLD group.

54

Amplitude (µV)

A

Amplitude (µV)

B

Amplitude (µV)

C

Time (ms)

Figure 3.8 ERP Responses to 2-back
A) ERP responses of SLI and TLD groups to 2-back neutral non-target (NT23) trials. B) ERP responses of SLI
and TLD groups to 2-back proactive interference (NT25) trials. C) ERP responses of SLI and TLD groups to 2back retroactive interference (NT28) trials. The SLI group showed significantly lower P1, P3, and PSW
amplitudes than the TLD group.
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Amplitude (µV)

A

Amplitude (µV)

B

Time (ms)

Figure 3.9 ERP Responses to N-back by Diagnosis
A) ERP responses of the SLI group to 0-back target and non-target trials and 1-back, and 2-back non-target
trials. B) ERP responses of the TLD group 0-back target and non-target trials and 1-back, and 2-back non-target
trials. The SLI group showed significantly lower P1, P3, and PSW amplitudes than the TLD group. P3
amplitudes were significantly higher for target than non-target trials.
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Table 3.4 Mean and Standard Deviation of P3 Amplitude by Diagnosis and Task Condition
Table of mean (standard deviation) of P3 amplitude (µV) by diagnosis and task condition. P3 amplitudes were
significantly lower for the SLI group than the TLD group. P3 amplitude in response to the 0-back target (TX17)
condition was significantly higher than that of the 0-back non-target (NT16) condition.

Mean (Standard Deviation) of P3 Amplitude (µV) by Diagnosis and Task Condition
0-back

1-back

2-back

TX17

NT16

NT18

NT20

NT23

NT25

NT28

TLD

8.524
(6.003)

3.557
(4.18)

5.0004
(3.769)

4.438
(3.99)

4.899
(3.532)

3.604
(4.182)

4.625
(2.948)

SLI

5.009
(5.323)

2.67
(3.473)

3.632
(3.335)

2.115
(2.639)

1.333
(1.104)

2.561
(1.162)

5.176
(1.034)
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Table 3.5 Mean and Standard Deviation of P3 Amplitude Subtracted by 0-Back Non-Target (NT16)
Table of mean (standard deviation) of P3 amplitude (µV) subtracted by the P3 amplitude response to the 0-back
non-target condition. P3 amplitudes were significantly lower for the SLI group than the TLD group. P3 amplitude
in response to the 0-back target (TX17) condition was significantly higher than that of the 2-back retroactive
interference non-target (NT25) condition. Difference in subtracted P3 amplitude from the TX17 condition
approached significance for the 1-back retroactive interference (NT20) condition and the 2-back neutral (NT23)
condition.

Mean (Standard Deviation) of P3 Amplitude (µV) Subtracted by 0-Back Non-Target (NT16)
0-back

1-back

2-back

TX17

NT18

NT20

NT23

NT25

NT28

TLD

5.113
(3.612)

1.398
(3.159)

1.102
(3.346)

1.292
(5.724)

0.247
(4.694)

1.059
(4.161)

SLI

2.8003
(2.108)

-0.547
(2.941)

-1.252
(1.683)

-3.785
(3.035)

-2.558
(2.607)

0.398
(1.811)
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Table 3.6 Mean and Standard Deviation of PSW Amplitude by Diagnosis and Task Condition
Table of mean (standard deviation) of PSW amplitude (µV) by diagnosis and task condition. pSW amplitudes
were significantly more negative for the SLI group than the TLD group across all task conditions.

Mean (Standard Deviation) of PSW Amplitude (µV) by Diagnosis and Task Condition
0-back

1-back

2-back

TX17

NT16

NT18

NT20

NT23

NT25

NT28

TLD

-0.828
(5.256)

-0.522
(4.232)

-0.139
(3.965)

-1.468
(7.871)

0.278
(6.671)

1.243
(5.651)

0.578
(3.171)

SLI

-4.541
(5.883)

-4.168
(4.073)

-2.132
(2.873)

-3.198
(3.034)

-3.151
(1.688)

-2.41
(2.984)

-3.511
(3.915)
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